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Abstract

The electroluminescence emission of crystalline silicon solar cells at near-bandgap wavelengths is investigated. We
show that the intensity of the emitted luminescence at near-bandgap wavelengths is directly proportional to the
collection diffusion length L. which is a measure of bulk and rear surface recombination properties and determines
the short circuit current of a solar cell illuminated with light of near-bandgap wavelengths. We provide experimental
evidence for the determination of L. by carrying out electroluminescence measurements on a set of 15 specially
prepared monocrystalline silicon solar cells with different thicknesses. Moreover, we demonstrate and discuss the
applicability of the proposed method to obtain images of the collection diffusion length L. of multicrystalline silicon
solar cells. The values determined by electroluminescence imaging coincide with values obtained from spectrally
resolved quantum efficiency measurements with a relative accuracy of 13 %.
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1. Introduction

Spectrally resolved measurements of the quantum efficiency allow for a comprehensive analysis of
solar cells with respect to recombination properties of the bulk and the rear surface. The evaluation of
such measurements at near-infrared wavelengths (typically between 600 and 900 nm) enables the
determination of the product of the effective diffusion length L. and the absorption length of light
L,= ol [1]. Here « denotes the absorption coefficient. The effective diffusion length L. is a function of
the bulk diffusion length Ly, and the rear surface recombination velocity S,. However, the association of a
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value of L.y with a pair of L, and S; values is not unique. Thus, bulk and rear surface recombination
effects cannot be clearly distinguished. To overcome this limitation, Basore introduced a method for
separating bulk and rear surface recombination effects [1]. His approach is based on an extended analysis
of spectrally resolved internal quantum efficiency (IQE) measurements carried out at near-infrared and
near-bandgap wavelengths. At near-bandgap wavelengths, the collection diffusion length L. [2] can be
extracted. L. is also a function of the bulk diffusion length L, and the rear surface recombination velocity
S;. While L.y determines the base saturation current density, L. determines the short circuit current of a
solar cell which is illuminated with light of near-bandgap wavelengths. Figure 1 visualizes the
dependencies of L.y and L. on L, and S,. Following Basore, measuring both L. and L.y allows to reduce
the parameter range of Ly, and S, [1, 3]. In this publication, however, we will focus on the determination of
L.

IQE measurements usually determine global properties of the solar cell. Since solar cells are large area
devices, local measurements provide more information. It is thus desirable to measure both L.; and L.
with appropriate accuracy and spatial resolution. IQE measurements featuring a complete wavelength
scan combined with high lateral resolution would, however, result in an unacceptably long measurement
duration. As an alternative, the local determination of L. is possible using spectrally resolved light beam
induced current (SR-LBIC) [4] measurements. This scanning method determines the quantum efficiency
at a limited number of wavelengths (usually between 600 and 1000 nm) with lateral resolution. Wiirfel et
al. [5] introduced another method to determine L.y from electroluminescence images, restricting the
detection to the short wavelength part of the luminescence spectrum.

It was proposed in Reference 6 that the collection diffusion length L. could be obtained from
electroluminescence images taken at near-bandgap wavelengths, since in this wavelength range the
intensity of the luminescence emission is directly proportional to L.. The aim of this paper is to review the
theory behind this approach and to provide experimental evidence for the determination of L.. For this
purpose, we carry out electroluminescence measurements at near-bandgap wavelengths using an infrared-
sensitive Indium-Gallium-Arsenide camera on a set of 15 specially prepared monocrystalline silicon solar
cells with different thicknesses. The intensity of the electroluminescence emitted by these solar cells at
near-bandgap wavelengths is shown to be proportional to the thickness, as expected from the physical
model outlined below. Moreover, we demonstrate the applicability of the method introduced below to
create images of the collection diffusion length of a multicrystalline silicon solar cell.

2. Modelling the electroluminescence emission at near-bandgap wavelengths

The electroluminescence (EL) photon flux @ of wavelength A emitted by a solar cell at a position
(x0, ¥o) on the surface is described by the integral of the coefficient of radiative recombination B4, the
electron and hole concentrations n and p and the probability of luminescence photon emission f;,, over the
thickness W of the solar cell [5,6]:
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Figure 1. Dependence of the collection diffusion length L. and the effective diffusion length L. on the bulk diffusion length Ly
and the rear surface recombination velocity S;. D is the diffusion constant.
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For industrial solar cells, it is sufficient to consider only the contributions of the base region [7]. The
photon emission probability f;, accounts for optical properties of the front and rear surface like
reflectance and roughness as well as for photon reabsorption. Photon reabsorption is described by the
Lambert-Beer law and depends on the wavelength A and position z of the generated photon. For p-type
solar cells (the following considerations hold analogously for n-type solar cells) at room temperature and
under low level injection conditions, the hole concentration p is in good approximation equal to the
doping concentration Ng,, and thus independent of z [8]. By, is also in good approximation independent
of z [9]. The electron concentration is obtained as a solution of the diffusion equation [8] and reads

n’ |4
n(z) ~ ——exp| — |7(z)
N, (VT J
where #; is the intrinsic charge carrier concentration, V is the junction voltage, Vr is the thermal voltage

and
~ L L. L
71(z) = coshl =% |- =% sinh| —>
w L w

is the electron concentration normalized to its value at z = 0. In Eq. (3), L, denotes the bulk diffusion
length and L. the effective diffusion length

1+S8,L,/Dtanh(W/L,)
* S.L,/D+tanh(W/L,)
D is the diffusion constant and S, the rear surface recombination velocity. At near-bandgap wavelengths,
where the absorption coefficient of silicon becomes very small [10], photon reabsorption is negligible and
the emission probability f.,, becomes independent of z. For industrial-type silicon solar cells, this
approximation holds well for wavelengths above 1080 nm. This is visualized in Fig. 2, showing the ratio
of the photon emission probability at z = W to z = 0 calculated for a 200 um thick planar sample. The
integral in Eq. (1) then becomes equal to the collection diffusion length

. D Lsinh(W /L) + L* S [coshW / L) 1]
Idz n(z) = - =L
0 LSsinh(W/L)+ DcoshW /L)

as introduced by Brendel and Rau [2]. Consequently, the EL emission at near-bandgap wavelengths
@x1 npG 1S proportional to L. :

\%4
¢EL,NBG D= Brad(ﬂ’) niz exp[V_j femNBG (A L.

T
Jemnpc denotes the photon emission probability at near-bandgap wavelengths.
Often the luminescence emission is detected with a camera which provides spatial but not spectral
resolution. At near-bandgap wavelengths, the number N, of electrons per time generated in the detector by
the incident photon flux @g; npg 1S
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Figure 2. Ratio of the photon emission probability f., at z= W to z = 0 calculated for a 200 um thick planar sample with a
perfect mirror at the rear surface and neglectable reflectance of the front surface. For wavelengths above 1080 nm, fon(W)
approaches f.m(0). At these wavelengths, f.n is thus in good approximation independent of z.
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n(A) contains the wavelength-dependent quantum efficiency of the detector and the conversion factor
from generated electrons to detector signal. All other parameters have been subsumed into the
proportionality factor. Consequently, the camera signal is also proportional to L.

3. Experimental test of the model

For solar cells with a rear surface recombination velocity S, —c and a bulk diffusion length
L, >3W, it follows from Eq. (3) that the minority carrier distribution decreases linearly from z = 0 to
z= W, as shown in Fig. 3a. Since L. is the integral of the normalized minority charge carrier concentration
n(z)over W, L. is proportional to W in this case. Hence, according to the model given by Eq. (7), the
camera signal should be proportional to W.
To confirm this prediction experimentally, we prepared a set of 15 monocrystalline silicon solar cells.
Firstly, p-type 1,5 Qcm FZ-silicon wafers with an area of 2x2 cm? were etched to obtain different
thicknesses between 150 and 300 wm. The solar cells were then fabricated identically on these wafers and
have an unpassivated and fully metallized rear surface, providing a very high rear surface recombination
velocity S, above 10* cm/s and a bulk diffusion length L, of the minority charge carriers above 900 um
(corresponding to L, >3W ). Both values have been confirmed by analyzing IQE measurements. These
solar cells thus provide a good approximation to the idealized case of S, — co. The structure of the solar
cells is shown schematically as an inlay in Fig. 3a.
EL measurements were carried out with the above described solar cells using an Indium-Gallium-
Arsenide camera which is sensitive over the whole spectral range of EL emission. The applied voltage
was 520 mV. An optical longpass filter with a cut-off wavelength of 1080 nm was mounted in front of the
camera in order to restrict the detection to the long-wave luminescence emission. Our measurement setup
is described in detail in Ref. 11. The global series resistance R; was determined for each solar cell from a
current-voltage characteristic and the corrected camera signal N, was obtained for each pixel by using
the relation Neoyr = Nipeas © €Xp(Vry/ V1) Where Ny, i the measured camera signal and Vig = j*R; is the
voltage drop at the series resistance. It turned out that the impact of the series resistance on the camera
signal is negligible. Each measurement was repeated 30 times to increase the signal-to-noise ratio. For the
evaluation of the camera signal, values were averaged over 20 pixels between two fingers. Figure 3b
shows the results of the measurements together with the model given by Eq. (7). The proportionality
factor was determined using linear regression of the measured data.
The measured data is in good agreement with the model given in Eq. (7) and demonstrates that both the
electroluminescence emission at near-bandgap wavelengths (i.e. wavelengths above 1080 nm) and the
signal of the camera detecting the electroluminescence emission are proportional to the collection
diffusion length L..
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Figure 3. a) According to Eq. (3), the normalized minority charge carrier distribution decreases linearily from z = 0 to z = W for
the case of L, > 3W and S, — . The inlay shows the structure of the solar cells discussed in section 3. b) The camera signal
(circles) is proportional to the thickness of the sample, in accordance with the model given by Eq. (7) (solid line).
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Figure 4. Mapping of the collection diffusion length L. obtained by electroluminescence imaging using an infrared sensitive
InGaAs camera equipped with a longpass filter with a cut-off wavelength of 1080 nm.

If the optical properties of the solar cell’s surfaces are laterally homogenous, i.e. f., NG iS not dependent
on the lateral position (xy, yo) on the solar cell’s surface, the proportionality factor in Eq. (7) is laterally
constant and an EL image of the solar cell taken at near-bandgap wavelengths directly shows the
collection diffusion length L. in relative units [6]. This assumption usually holds for monocrystalline
silicon solar cells with random pyramid textures or for iso-textured multicrystalline silicon solar cells, as
investigated in this contribution. The proportionality factor can be determined by a calibration of the
setup, e.g. by means of a local determination of L. from an IQE measurement [1]. Alternatively, a
calibrated spectrally resolved measurement of the emitted photon flux in absolute intensities could be
performed. The first approach, which has already been demonstrated in Ref. 6, is evaluated in the
following. For this purpose, Figure 4 shows an EL image of an iso-textured multicrystalline silicon solar
cell. Again a longpass filter with a cut-off wavelength of 1080 nm was mounted in front of the detecting
InGaAs camera in order to detect only the long-wave luminescence emission. The image was scaled using
a locally determined value for L. in the area Al which was obtained from an IQE measurement. A
realistic estimation of the accuracy of the determined L. values yields 15 % relative. The total acquisition
time for the EL image together with the additional IQE measurement is a few minutes.

To check consistency, local determinations of L. were also carried out in the areas A2 and A3.
Furthermore, the rear surface reflectance R, and the lambertian factor A were determined from
hemispherical reflectance measurements. The lambertian factor is a measure of the rear surface roughness
[12]. A = 0 holds for a planar (i.e. specular reflecting) surface, A = 1 for a lambertian (i.e. diffuse
reflecting) surface. Values inbetween describe a mixture of these idealized cases. Both Ry, and A strongly
affect the photon emission probability f.,npc at near-bandgap wavelengths. Table 1 summarizes the
determined values.

The image in Figure 4 visualizes the contribution of each area to the short circuit current of the solar cell
when illuminated at near-bandgap wavelengths. Areas with a large collection diffusion length contribute
significantly to the short circuit current. The collection diffusion length L. determined in area A3 by a
local IQE analysis agrees with the value taken from the scaled EL image with a relative deviation of 3 %.
In area A2, a relative deviation between these two values of 13 % is found. As can be seen in Table 1, the
difference of the optical parameters R, and A between areas Al and A2 is greater than between areas Al

Table 1. Collection diffusion length L., rear surface reflectance Ry, and lambertian factor A in the areas A1-A3 in Fig. 4.

Area Al Area A2 Area A3
L. [um] from IQE measurement 180 =27 120+ 18 158 £24
L. [um] from scaled image - 10516 162 £ 24
Relative deviation - 13 % 3%
Lambertian factor A 0.48 0.66 0.55

Rear surface reflectance R, 0.54 0.53 0.47
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and A3, emphasizing the importance of laterally homogenous optical properties not only of the front
surface but also of the rear surface if the image is scaled by a single factor.

4. Summary

The electroluminescence emission of silicon solar cells at near-bandgap wavelengths was modelled. It
was shown that its intensity is directly proportional to the collection diffusion length L. which is a
function of the bulk diffusion length and the rear surface recombination velocity. Experimental evidence
for the determination of L. was provided by electroluminescence measurements carried out using an
infrared sensitive Indium-Gallium-Arsenide camera on a set of 15 specially prepared solar cells of
different thicknesses. For these solar cells, the emitted electroluminescence intensity at near-bandgap
wavelengths is proportional to the thickness of the solar cell, in accordance with the model outlined in
this contribution. Moreover, we demonstrated the applicability of L. imaging with an industrial
multicrystalline silicon solar cell and showed that lateral homogeneity of the optical properties of both the
front and rear surface is required for this technique. For the sample investigated in this publication, the
determined values for L. coincide with values obtained from spectrally resolved quantum efficiency
measurements with a relative accuracy of 13 %.
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